We have generated probes of metal binding to zinc fingers (ZFs) that provide tools to study zinc trafficking in vivo. In this study, we used these probes to examine zinc binding by the Zap1 transcription factor of Saccharomyces cerevisiae. Zap1 contains two zincregulated activation domains (ADs), AD1 and AD2. AD2 is located within two C 2H2 ZFs, ZF1 and ZF2. Studies have indicated that apoAD2 activates transcription and zinc binding to ZF1 and that ZF2 forms an interacting-finger-pair structure that is necessary to inhibit AD function. A related structural finger pair, ZF3 and ZF4, is found in the Zap1 DNA binding domain. In vitro studies indicated that, although the ZF1͞2 and ZF3͞4 finger pairs bind zinc with similar affinities, zinc that was bound to ZF1͞2 was much more labile. We examined the properties of Zap1 ZFs in vivo by FRET. ZF pairs were flanked by enhanced yellow fluorescent protein and enhanced cyan fluorescent protein, allowing detection of zincinduced conformation changes by FRET. By using these reporters, we found that ZF1͞2 and ZF3͞4 showed similar responses to zinc under steady-state conditions in vivo. In contrast, ZF1͞2 zinc binding was significantly more labile than was ZF3͞4. Also, ZF1͞2 accumulated in an apo form that could rapidly bind zinc, whereas the ZF3͞4 pair did not. Last, we show that these properties are evolutionarily conserved indicating their importance to Zap1 function. These results indicate that the kinetic lability of ZF1͞2 in vivo is a key component of Zap1 zinc responsiveness.
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regulation ͉ transcription ͉ zinc finger T he Cys-2His-2 (C 2 H 2 )-type zinc finger (ZF) domain is one of the most common structural motifs in biology. Sequencing of the human genome suggested that Ϸ3% of the encoded proteins bear C 2 H 2 ZFs (1). These domains play a number of different roles by mediating DNA binding, RNA binding, and protein-protein interactions (2-4). The canonical C 2 H 2 ZF has the consensus sequence of ͞Y-X-C-X 2,4 -C-X 3 -F-X 5 --X 2 -H-X 3-5 -H, where denotes a hydrophobic residue (5) . Binding of zinc to the cysteines and histidines folds the largely unstructured apoprotein into the compact ␤␤␣ form (i.e., two antiparallel ␤ strands followed by an ␣-helix) (5). Many studies have addressed zinc binding to the C 2 H 2 ZF motif in vitro (5) (6) (7) (8) . However, to our knowledge, no studies have examined directly the kinetics and other properties of zinc binding to these domains in vivo. The aim of this study was to develop genetically encoded fluorescent probes for assessing zinc binding to ZFs. We used these probes to examine the properties of zinc binding to Zap1, the zinc-responsive transcriptional activator of Saccharomyces cerevisiae in living cells.
Zap1 regulates zinc homeostasis in this yeast. It controls the expression of many genes that have critical roles in zinc metabolism, including zinc uptake and the mobilization of intracellular zinc stores (9) . Zap1 increases target gene expression in zinc-limited cells, and its activity is inhibited in replete cells. The Zap1 protein has three functional domains. At the C terminus, there is a DNA-binding domain consisting of five C 2 H 2 ZFs, which are designated ZF3-ZF7 (10) . These fingers confer binding of Zap1 to zinc-responsive elements (ZREs) that are found in the promoters of its target genes. Because Zap1 DNA binding is required under low-zinc conditions, the DNA binding fingers must stably bind Zn 2ϩ for protein function. The Zap1 DNA binding domain is similar to the five-ZF DNA binding domain of the mammalian Gli protein (11) . In Gli, the first and second fingers of the DNA binding domain form an unusual ZF pair structure where the two fingers interact via hydrophobic residues lining an interface of protein-protein contact. The corresponding fingers in the Zap1 DNA binding domain, ZF3 and ZF4, likely form a similar finger pair structure because the residues lining the Gli finger-finger interface are conserved in Zap1 ZF3 and ZF4 (12) .
Zap1 also contains two activation domains (ADs) that are independently regulated by zinc. Zinc-regulated AD1 maps to residues 182-502 (13) . The second Zap1 AD is designated AD2. The AD2 region, residues 611-641, is located within two additional C 2 H 2 ZFs, ZF1 and ZF2. These fingers were also proposed to form a Gli-like finger pair structure based on the conservation of interface residues (12) . This hypothesis was confirmed recently by an NMR analysis of the Zap1 ZF1͞2 finger pair (14) . Mutational analysis indicated that the finger-pair structure is critical for the zinc responsiveness of AD2. Whereas the WT AD2 domain is shut off in high zinc, mutants that disrupt the zinc binding ligands in either of the AD2 ZFs resulted in constitutive, zinc-insensitive target gene expression (12) . Also, mutations disrupting the finger-finger interaction caused constitutive activation. These results support a model in which, in the apo state, AD2 recruits basal transcription factors to increase Zap1 target gene expression. Binding of zinc to the AD2 ZFs folds the domain into the compact finger-pair structure and, thus, blocks AD function.
This model suggested that the ZF1 and ZF2 fingers of Zap1 are regulatory zinc-binding sites, whereas the related ZF3͞4 fingers of the DNA binding domain are structural zinc sites. This hypothesis was examined with in vitro binding studies using peptides containing either the ZF1͞2 or the ZF3͞4 finger pairs (12) . Both finger pairs bound two Zn 2ϩ ions with similar affinities, with one site in each pair having an apparent K D of Ϸ0.2 nM and the second site having a K D of Ϸ4 nM. However, zinc binding to the ZF1͞2 finger pair in vitro was much more labile than was binding of metal ions to the ZF3͞4 pair. This difference in zinc lability supported a role for ZF1 and ZF2 as the zinc sensors for controlling AD2 function. Thus, a key prediction of this model was that the zinc lability of ZF1 and ZF2 observed in vitro would also be present in vivo. In this article, we describe the generation of fluorescent probes to assess the properties of zinc binding to these ZF domains in vivo. In addition to our insights specifically regarding Zap1, this study represents an important ''proof of concept'' about the potential uses of these and related probes as tools to study zinc utilization in living cells.
Results
Zap1 ZF1 and ZF2 form an interacting-finger-pair complex when zinc is bound (Fig. 1A) (12, 14) . In addition to forming the canonical ␤␤␣ ZF folds, these fingers also interact with each other via hydrophobic residues lining an interface of fingerfinger interaction (Fig. 1B, gray residues) . This compact structure suggested a possible approach to study zinc binding and finger interaction in vivo by using FRET (Fig. 1C) . Our strategy was based largely on the work of Tsien and colleagues (15) on Ca 2ϩ sensors devised by using the same approach. In those previous studies, calcium-binding peptides were flanked by variant GFP moieties that have overlapping emission͞excitation spectra. Similarly, FRET has been used to study zinc binding to metallothionein in vitro and in vivo (16, 17) . We used this intramolecular FRET approach to develop an in vivo Zn 2ϩ reporter based on ZF1 and ZF2 of Zap1. Specifically, we constructed a hybrid protein in which this ZF pair was flanked by enhanced yellow fluorescent protein (eYFP) and enhanced cyan fluorescent protein (eCFP). As shown in Fig. 1C , excitation of eCFP at 440 nm results in light emission with a peak at Ϸ480 nm. If the eCFP and eYFP proteins are in close proximity, energy can transfer from eCFP to eYFP, resulting in emission at Ϸ545 nm. The degree of FRET can be determined by dividing the intensity of emission at 545 nm by the emission at 480 nm when excited at 440 nm; this ''FRET ratio'' reflects the distance between eCFP and eYFP (18).
The peptide that was inserted to generate the FRET reporter containing ZF1 and ZF2 (designated ZF1͞2-FRET) was residues 575-643 of Zap1 (Fig. 1D ). We anticipated that the zinc-bound finger pair structure would bring the flanking eCFP͞eYFP moieties into close proximity such that efficient energy transfer could occur. As controls, we constructed a direct fusion of eYFP and eCFP (pYFP-CFP) as well as a ZF1͞2-containing molecule in which the histidine Zn 2ϩ ligands of both fingers (i.e., H599 and H604 of ZF1 and H636 and H641 of ZF2; Fig. 1 A) were mutated to glutamines. This construct was designated ZF1͞2-C 2 Q 2 -FRET.
These FRET proteins were expressed in yeast from the strong, constitutive PMA1 promoter. We assessed their subcellular distribution by using fluorescence microscopy. DAPI was used to stain the nucleus. As shown in Fig. 2A , no GFP fluorescence was detected in vector-only transformed cells. In ZF1͞2-FRETexpressing cells, the reporter protein was present in both the cytosol and the nucleus but was excluded from the vacuole. ZF1͞2-FRET localization was not altered by changes in zinc status, and similar results were obtained for the eYFP-eCFP and mutant ZF1͞2-C 2 Q 2 -FRET proteins (data not shown).
To assess the level of expression of the FRET reporter proteins, immunoblot analyses were performed by using anti-GFP antibody and purified GFP as a quantitative standard (Fig. 2B ). These immunoblot analyses indicated that the level of FRET reporter accumulation in cells was similar in both zinc-limited and -replete cells. For the direct eYFP-eCFP fusion and ZF1͞2-FRET, Ϸ50,000 molecules of reporter accumulated per cell. For unknown reasons, the ZF1͞2-C 2 Q 2 -FRET reporter accumulated to higher levels (i.e., Ϸ200,000 molecules per cell). This high-level expression suggested that zinc binding by the ZF1͞2-FRET protein could perturb zinc homeostasis. To determine whether this hypothesis was true, we used a Zap1-responsive ZRE-lacZ reporter as a bioassay of the labile zinc pool. Zap1 is maximally active in stimulating expression of the ZRE-lacZ reporter in cells grown in low zinc and is inhibited by increased zinc in the medium (19) . We predicted that, if ZF1͞2-FRET was perturbing zinc homeostasis, we would see an increase in the activity of Zap1 because of the increased zinc demand. However, the response of the ZRE-lacZ reporter was similar in vector-only transformants and cells expressing ZF1͞2-FRET (Fig. 2C) . Therefore, the additional zinc binding capacity associated with ZF1͞2-FRET expression does not alter zinc homeostasis appreciably.
The FRET responsiveness of these constructs was assayed in vivo by spectrofluorometry. Cells expressing the direct eYFPeCFP fusion showed a high FRET ratio regardless of zinc status (Fig. 3A) . This result is consistent with the close proximity of the eCFP and eYFP moieties in this construct under all conditions. In cells expressing ZF1͞2-FRET, low-zinc growth conditions resulted in a low FRET intensity, whereas high zinc resulted in a marked increase in FRET ratio (Ϸ30%). A similar increase in FRET ratio upon ion binding in vivo was observed for the previously described calcium sensors (15) . Little effect of zinc was observed with the C 2 Q 2 zinc ligand mutant. These data indicate that the FRET response detected with ZF1͞2-FRET is (i) zinc-dependent, (ii) ligand-dependent, and (iii) not an effect of zinc status on other factors (e.g., intracellular pH and GFP dimerization) that could alter eCFP or eYFP fluorescence.
One trivial explanation for the decreased FRET in zinclimited ZF1͞2-FRET-expressing cells was that the fusion protein was proteolytically cleaved within the finger region between eCFP and eYFP under these conditions. Some protease genes are up-regulated in cells grown under zinc-limiting conditions (9) . This proteolysis could separate the eCFP and eYFP moieties and reduce the FRET intensity. However, immunoblot analyses indicate that no detectable proteolysis occurred in either highor low-zinc conditions (Fig. 2B) .
We also tested whether the zinc-dependent FRET response of the ZF1͞2 finger pair required interaction between the fingers. Interaction between ZF1 and ZF2 is mediated by tryptophans in the ␤-loop regions of each finger and by hydrophobic residues lining the interface between the two ␣-helices ( Fig. 1 B and D) (12, 14) . Mutation of the tryptophan (and adjacent charged residue) of ZF1 (MUT1, K582A W583A) or ZF2 (MUT2, W620A E621K) in ZF1͞2-FRET eliminated the zinc-responsive conformational change that was observed in vivo (Fig. 3B) . Mutation of interaction residues in the ␣-helix of ZF1 (MUT3, L600D V605D) also prevented zinc-responsive FRET. Thus, the FRET reporter behaved in vivo as predicted from the protein structure of this ZF pair.
One specific goal for generating this reporter was to test the correlation between zinc binding and AD2 AD function. Our hypothesis was that zinc binding to ZF1 and ZF2 is the regulatory zinc-sensing event and results in a conformational change shutting off AD2 function. An alternative hypothesis was that these fingers are structural zinc sites. For example, ZF1 and ZF2 could be structural ZFs acting as site for docking of another protein and this second protein is the zinc-sensing component of the regulatory system. In this latter model, ZF1͞2 zinc binding (and the resulting conformational change) and zinc sensing could be separable events. To test these models further, we examined the correlation between zinc binding to ZF1 and ZF2 in vivo with AD2 function. AD2 function was assessed by using a fusion of the ZF1͞2 domain to the Gal4 DNA-binding domain (12) . Zinc regulation was then assessed by using a Gal4-responsive GAL1 promoter-lacZ fusion. As shown in Fig. 3C , there was a close correlation between the increase in FRET intensity and the decrease in AD function in WT cells with rising zinc added to the medium. This correlation was also observed in zap1 mutant cells (Fig. 3D) . Because zap1 mutants are defective for zinc uptake, these cells require much more exogenous zinc to become zinc-replete (20) . Thus, whereas WT cells were assayed in low-zinc medium containing 1 mM EDTA as a metal buffer, the zap1 mutant cells were grown in low-zinc medium (LZM) that was prepared without EDTA where the available zinc levels are much higher relative to the total added zinc. These results indicate that zinc binding by ZF1͞2 and zinc sensing controlling AD2 function are closely correlated.
With the ZF1͞2-FRET reporter, we could also probe the kinetics of zinc binding to ZF1 and ZF2 in vivo. One situation that we examined was zinc shock (i.e., when zinc-deficient cells are resupplied with zinc). Because zinc-limited cells up-regulate their zinc-uptake transporters, these cells rapidly accumulate zinc when treated with the metal (21) . As shown in Fig. 4A , when zinc-limited WT cells were resupplied with 1,000 M zinc, the FRET intensity starting at a low basal level reached its maximum within 10 s of zinc treatment. The short response time we observed is indicative of very rapid zinc delivery to the accumulated apo form of these ZFs. When lower levels of zinc were used, the response was more gradual consistent with the lower rates of zinc uptake occurring under these more moderate treatment conditions. As shown in Fig. 4B , this response depended highly on uptake via the high-affinity zinc-uptake transporter Zrt1. Mutants that were defective in zrt1 showed a slower FRET response to 1,000 M Zn and no response to concentrations Յ100 M, consistent with uptake occurring by means of lower-affinity transporters in this strain (20) .
We also examined the behavior of the FRET reporter during zinc withdrawal. As shown in Fig. 4C , cells pregrown in a zinc-replete medium had a steadily decreasing FRET intensity after transfer to zinc-limiting conditions. The loss of FRET is likely to be due to the loss of zinc binding to ZF1͞2 as the metal is released and bound by other newly synthesized metalloproteins. This hypothesis was indicated by the observation that the protein synthesis inhibitor cycloheximide blocked the decrease in FRET (Fig. 4C) . Thus, ZF1͞2 may not compete well for zinc relative to newly synthesized zinc-binding proteins.
In vitro studies of a Zap1 ZF1͞2 peptide indicated that these fingers bind zinc with nanomolar affinity but show remarkable lability of metal binding (12) . In comparison, the Zap1 ZF3͞4 finger pair bound zinc with an affinity similar to ZF1͞2 but with much less kinetic lability. To determine whether these differences held true in vivo, we constructed an analogous FRET reporter containing Zap1 ZF3 and ZF4. Also, we generated similar FRET reporters for the ZF1͞2 and ZF3͞4 finger pairs from the Candida albicans Zap1 ortholog.
To assess the relative affinities of these reporters for zinc in vivo, we first examined the FRET response in cells grown over a range of zinc concentrations. As shown in Fig. 5 A and B , the S. cerevisiae and C. albicans ZF1͞2-FRET and ZF3͞4-FRET reporters behaved similarly in their zinc responsiveness. These data are consistent with the similar affinities of the S. cerevisiae domains established in vitro (12) and suggest conservation of these affinities of the C. albicans domains. To examine the lability of zinc binding, we first compared the FRET response of these constructs during zinc withdrawal. Although both S. cerevisiae and C. albicans ZF1͞2 reporters showed a decrease in FRET over time, the FRET intensities of the two ZF3͞4 constructs were unaffected for several hours (Fig. 5 C and   D) . This result indicates that zinc remains stably bound to the ZF3͞4 pairs over this period of zinc withdrawal. Zinc binding was also assessed during zinc shock. Given that ZF1͞2 and ZF3͞4 peptides in vitro showed greatly different off-rates but similar affinities, we predicted that the on-rates would also be slower for the ZF3͞4 finger pair. This result was predicted because the dissociation constant K D ϭ K off ͞K on . Consistent with this expectation, whereas the S. cerevisiae and C. albicans ZF1͞2-FRET constructs responded rapidly to zinc shock, the ZF3͞4 constructs increased in FRET activity much more slowly (Fig. 5 D and E ). An increase in response to 1,000 M zinc was detected only after several minutes, as opposed to Ͻ10 s for the ZF1͞2-FRET reporters. All of these responses were posttranslational; cycloheximide treatment did not alter the FRET response (data not shown). These results show that the same difference in lability observed in vitro exists also in vivo. Also, these results indicate that the lability of ZF1 and ZF2 is conserved between the evolutionarily distant S. cerevisiae and C. albicans Zap1 orthologs.
Discussion
FRET is very sensitive to the distance between the flanking fluorophores and, therefore, is useful to the study of conforma- tional changes associated with metal binding to intervening domains. The apo forms of ZFs are thought to be largely unstructured (22) , and zinc is required for forming the folded ZF domain. These considerations suggested that we could detect the conformational changes associated with zinc binding by using FRET. The laboratories of Berg (23) and Tsien (24) have both demonstrated the usefulness of FRET for observing Zn 2ϩ binding to ZFs in vitro. Here, we show the application of this technique to characterize zinc binding to Zap1 ZF pair domains in vivo. We also tested a FRET reporter containing a single finger domain, the consensus CP-1 ZF peptide (25) , and the FRET response in vivo was similar to the finger-pair domains that were used here (data not shown).
In vitro studies of zinc binding by an S. cerevisiae Zap1 ZF1͞2 peptide showed that these fingers could bind Zn 2ϩ (12, 14) . Zinc binding by ZF1͞2 in vivo was indicated by the high FRET intensity observed in zinc-replete vs. -limited cells. This FRET response depended on the zinc-binding ligands of ZF1 and ZF2. Also, the FRET response depended on the finger-finger interaction that occurs between ZF1 and ZF2. No partial increase in FRET intensity was observed when the finger interaction was mutationally disrupted, suggesting that cooperativity of zinc binding may occur between the fingers. Whereas most tandem ZFs are thought to bind zinc and fold independently of each other (26) , the ZF pair interaction that occurs between ZF1 and ZF2 could foster a cooperative binding͞folding process (14) .
The remarkable lability of ZF1͞2 zinc binding observed in vitro was also detected in vivo. After the transition from replete to deficient conditions, zinc occupancy of the ZF1͞2 finger pair steadily decreased. The rate at which zinc is lost from these fingers is likely slowed by the mobilization of vacuolar zinc stores that occurs during this transition to zinc deficiency. This mobilization was indicated by the observation that the loss of FRET intensity during zinc withdrawal occurs more rapidly in cells bearing zrc1 and cot1 mutations that reduce vacuolar zinc storage (data not shown) (27) . Although other factors in the cell may be catalyzing removal of zinc from ZF1͞2, we propose that the lability of these fingers in vivo is an intrinsic property of their metal-binding properties, as observed in vitro.
Although other models are possible, the decrease in metallated ZF1 and ZF2 during zinc withdrawal may be due to competition for zinc with newly synthesized metalloproteins. Our results suggest that zinc is constantly bound and released by ZF1 and ZF2. The released zinc may then be bound by apometalloproteins and no longer available to Zap1. This concept fits well with how we believe a metal-sensing regulator might function in vivo. The kinetics of zinc binding by ZF1 and ZF2 is also apparent in their ability to bind zinc during zinc shock. Under zinc-shock conditions, ZF1 and ZF2 can bind newly imported zinc within seconds. Thus, the ZF1͞2 domain can accumulate in an unmetallated form in zinc-deficient cells that is competent for rapid zinc binding. Again, this property makes sense for a metalloregulatory protein in that it can respond quickly to sudden increases in cellular zinc levels.
ZF3 and ZF4 of the Zap1 DNA binding domain likely form a similar ZF pair structure as that described for ZF1 and ZF2. ZF1͞2 and ZF3͞4 peptides bind zinc with similar affinities in vitro (12) . In vivo, we observed that zinc occupancy of the different finger pairs was similar when cells were grown for several hours in a medium containing a range of zinc concentrations. This observation is consistent with the similar affinities of these domains for zinc. However, as in vitro, these finger pairs showed very different behavior in their kinetics of zinc binding and release in vivo. In zinc withdrawal, although zinc was lost from ZF1 and ZF2 over a 5-h period, there was no change in the FRET intensity of the ZF3͞4-FRET sensor over the same period. This finding suggests that ZF3 and ZF4 are much more resistant to the loss of zinc to other metalloproteins. Also, under zinc-shock conditions, the ZF3͞4 finger pair was slow in binding newly imported zinc. Thus, whereas ZF1 and ZF2 accumulate in the cell in a form capable of rapid zinc binding, this behavior is not true for ZF3 and ZF4. These behaviors were also found for the ZF1͞2 and ZF3͞4 domains of the C. albicans Zap1 ortholog. The Zap1 ZF1͞2 domains of S. cerevisiae and C. albicans differ greatly in their amino acid sequences (Fig. 1D ) but have conserved lability of binding and the ability to accumulate in the cell in an apo form that can rapidly bind zinc. The conserved stability of zinc binding by the ZF3͞4 pair in vivo is more consistent with its structural role in the DNA-binding domain.
Several studies have sought to use zinc-responsive fluorescent probes to estimate the free or labile zinc levels within cells. For example, Bozym et al. (28) argued that the zinc concentration in PC-12 cells is Ϸ5 pM, based on a FRET reporter that is analogous to ours by using carbonic anhydrase as the zinc sensor domain. However, these studies are difficult to interpret because, at high probe concentrations, the dose-response of the probe is dominated by the intracellular fluorophore concentration and not by the free zinc level (29) . Similar studies using small molecule zinc probes are subject to the same caveat. Therefore, although a determination of free Zn 2ϩ concentrations within cells would be a major breakthrough, neither ours nor any other Behavior of orthologous ZF FRET constructs. WT (DY1457) cells bearing S. cerevisiae-or C. albicans-derived pZF1͞2-FRET or pZF3͞4-FRET plasmids were assayed for FRET after growth in LZM supplemented with a range of zinc concentrations (A and B), during zinc withdrawal (without cycloheximide) as described in Fig. 4C (C and D) , and for zinc-shock responsiveness to 1,000 M ZnCl2 as described in Fig. 4A (E and F) . 
